[1] We investigate the diurnal carbon cycle in the near surface ocean and atmosphere of Santa Monica Bay, California on the basis of hourly measurements of the oceanic and atmospheric partial pressures of CO 2 (pCO 2 oc and pCO 2 atm ) and related parameters from a moored platform. The power spectrum of the data from three deployments during late spring, summer, and fall reveal a strong peak at 1 cycle/day for both oceanic and atmospheric pCO 2 . While the average diurnal peak-to-peak amplitude is about 15 to 20 matm for pCO 2 oc and about 10 matm for pCO 2 atm , the 10% largest amplitudes exceed 55 matm and 42 matm, respectively. The diurnal cycle of oceanic pCO 2 is primarily controlled by temperature, but biological processes substantially modify it. The contribution of lateral processes, such as tides, is likely small. For the fall deployment, our data suggest an average net primary production of about 30 mmol C m À2 day
Introduction
[2] The diurnal cycle is among the most prominent signals in a spectrum of Earth's climate variability. For sea surface temperature, some of the largest diurnal cycles tend to occur in coastal regions [e.g., Wu et al., 1999] , likely owing to these regions being more sheltered from high winds. For properties that are also controlled by biological processes, such as the partial pressure of CO 2 in seawater (pCO 2 oc ), the strong diurnal cycle of photosynthesis and respiration can lead to further modification of the diurnal cycle. Observations of the oceanic pCO 2 have revealed substantial diurnal variations, particularly in coastal settings [e.g., Friederich et al., 1995; DeGrandpre et al., 1997; Frankignoulle and Borges, 2001; Copin-Montégut et al., 2004] . The largest diurnal pCO 2 oc peak-to-peak amplitudes reported so far (up to 70 matm) were observed in the northwestern Mediterranean Sea [Copin-Montégut et al., 2004] . Other sizeable diurnal variations were found off the coast of Monterey (up to 40 matm) [DeGrandpre et al., 1998 ], and on the North Atlantic European Shelf (up to 20 matm) . In the open ocean, diurnal variations in pCO 2 oc tend to be considerably smaller, e.g. of the order of 2 -6 matm in the equatorial Pacific [DeGrandpre et al., 2004] .
[3] The large diurnal oceanic pCO 2 variations in coastal regions represent a serious challenge for any attempt to quantify the net air-sea balance for these regions, an issue that has emerged as a prime puzzle of the global carbon cycle [Thomas et al., 2004] . This challenge arises because diurnally resolved measurements are not the norm, so that the resulting undersampling of the variability can possibly lead to substantial biases in the estimated fluxes. At the same time, the diurnal variations in oceanic pCO 2 contain also substantial process information, particularly with regard to the balance between gross primary production and community respiration [see, e.g., DeGrandpre et al., 1997] .
[4] Here, we investigate the diurnal variations of the near surface ocean carbon cycle in a coastal setting using a highresolution record of oceanic and atmospheric pCO 2 from a moored platform in Santa Monica Bay, CA. In particular, we examine the processes that cause the diurnal changes in these two properties and aim to quantify their contribution. We also investigate the impact of the observed diurnal variations on estimates of the air-sea flux of CO 2 , especially with regard to the potential biases that arise from temporal undersampling. Although these observations are from a single location, we believe that many of the conclusions apply to other coastal settings as well.
Data
[5] The pCO 2 of surface water and the lower atmosphere were measured every hour between 5 August and 4 October 2002, from 15 May to 17 July 2003, and from 9 May to 1 July 2006, i.e., for a total of 180 days, at the Santa Monica Bay Observatory (SMBO) mooring (33°5.9N,118°42.9W) using a non-dispersive infrared analyzer modified for deployment on buoys [Friederich et al., 1995] . Temperature and pressure corrections were applied to all raw pCO 2 data, based on instrument calibrations in the laboratory before and after each deployment. The precision and accuracy of the measurements are estimated to be within 2 matm. The mooring was also instrumented to measure basic meteorological and sea surface properties, velocity vector over the top 100 m, as well as temperature and salinity at discrete depths down to 100 m (data available from www. smbayobservatory.org).
Diurnal Cycle
[6] Our observation at the SMBO mooring site reveal large variations in surface ocean and atmospheric pCO 2 for all three reported time-periods (Figure 1 and auxiliary material).
1 Two observations stand out in the time-series of oceanic pCO 2 : First, oceanic pCO 2 is below that of the atmosphere nearly throughout the entire time during the three observation periods. Second, the diurnal variability is large relative to the variability at seasonal and subseasonal time-scales. We address the somewhat surprising finding of a rather consistent undersaturation during the summer months in a separate study, and focus here on the diurnal cycle. A power spectrum of the three time-series confirms the dominance of the diurnal cycle, with the largest peak located at 1 cycle/day (see auxiliary material). The same dominant frequency is found for sea surface temperature (SST).
[7] The maximum peak-to-peak amplitudes observed in the diurnal variations of SST are up to 4°C (September 9, 2002) and are usually associated with very shallow diurnal mixed layers (as little as 2 to 3 m). The maximum diurnal amplitude in oceanic pCO 2 of 150 matm (May 27, 2003) is the largest reported so far, but may be the result of an interaction of a mesoscale feature with the diurnal cycle. A more conservative metric is the percentile exceeding a certain amplitude. We find that the amplitudes in the top decile are larger than 55 matm, and even the 30% largest still exceed 42 matm. We obtained the mean diurnal pCO 2 oc anomaly for each deployment period by removing a 48 hour running mean from the original time series. From the remaining diurnal anomalies, we took the mean for each hour for all days. The resulting mean diurnal pCO 2 oc anomaly for the August to October 2002 deployment shows a minimum at around 2:00 local time, and a maximum at around 13:00 with a mean amplitude of about 22 matm (Figure 2a ). The mean diurnal anomalies of the other deployments are similar, but with somewhat smaller amplitudes, i.e. 13 matm for May to July 2003, and 14 matm for May to July 2006. We subsequently focus only on the late summer 2002 deployment.
[8] The processes that can possibly cause these pCO 2 oc variations are heating/cooling affecting SST, hence changing the solubility of CO 2 in seawater (subsequently called the SST component), and biological production/respiration, air-sea CO 2 exchange, and changes in water masses, all of which drive changes in pCO 2 oc due to changes in dissolved inorganic carbon (DIC) and/or alkalinity (Alk) (subsequently referred to as the chemical component). The contribution of the diurnal SST changes to the mean diurnal pCO 2 oc anomaly can be estimated rather accurately, since pCO 2 oc increases by about 4% per degree Celsius warming [Sarmiento and Gruber, 2006] . The mean diurnal SST changes were estimated in the same manner as was done for the pCO 2 oc above, and were then scaled with the pCO 2 oc sensitivity to yield the SST component of the mean diurnal pCO 2 oc anomaly. The chemical component of the diurnal changes in pCO 2 oc was determined by difference.
[9] This decomposition into SST and chemical components reveals that about 65% of the total diurnal variance of pCO 2 oc is driven by SST, with the remaining variance of 35% being driven by chemical changes (Figure 2b ). The two components have distinctly different phasing. The SST component has its diurnal minimum at about 6:00 local time and its maximum at about 14:00. In contrast, the chemical component has its minimum at about midnight, and its maximum at about 9:00. This results in an overall SSTdominated diurnal cycle, with a substantial modifying tendency by the biological and physical processes altering DIC and/or Alk.
[10] Our results for Santa Monica Bay appear to differ from the waters 30 km off the coast of Monterey, CA, where biological processes had only little impact on time-scale <1 d [DeGrandpre et al., 1998 ]. Instead, these authors find that physical processes like mixing and replacement of water masses have the biggest impact on pCO 2 oc on diurnal time scales. Our results are more consistent with the findings of Borges and Frankignoulle [2001] , who report that the diurnal variations of pCO 2 oc in recently upwelled water off the Galician coast are mostly controlled by biological processes, whereas in stratified waters in the same region, the diurnal variations were mainly controlled by temperature alone.
[11] The timing of the chemical component with a maximum in the early morning hours and a minimum in the evening suggests that most of these changes are of biological origin. The contribution of air-sea exchange is negligible, as the transfer across the air-sea interface is slow, and given the nearly continuous undersaturation (Figure 1) , it would only act to increase pCO 2 oc . The contribution of vertical diffusion is likely also small. Vertical mixing would primarily be active during the night hours, when the shallow diurnal mixed layer is breaking down, entraining waters that could be enriched in DIC. However, measurements of vertical profiles of DIC from our time-series program at the SMBO site show little vertical gradient within the seasonal mixed layer (between 10 to 25 m, in general), so that we assume that vertical entrainment contributes little to the mean diurnal cycle of the chemical component.
[12] Diurnal changes in lateral advection and mixing, e.g. induced by tides, could contribute to the diurnal changes of pCO 2 oc and its two components as well. Two lines of evidence argue against such a substantial role of tides. First, a high-resolution spectral analysis of SST from a nearby NOAA buoy (46025) and of sea-level height from a site about 30 km to the south (Outer Los Angeles Harbor) reveals that the diurnal frequency of SST lies at exactly 1/24 hr À1 and that it is clearly separated from the solar tide frequency at 0.9972/24 hr À1 and the lunar tide frequency at 1.00272/24 hr À1 found for sea-level height (C. Gelpi, personal communication, 2008). Second, simulations with a high-resolution setup of the Regional Oceanic Modeling System (ROMS) for the Southern California Bight show that the mean diurnal SST cycle can be reasonably well simulated by considering diurnal variations in meteorological forcing only. Adding tidal forcing only modified the diurnal SST cycle somewhat, but did not cause major changes. We thus conclude that tidal forcing is unlikely a major driver for the observed diurnal SST and pCO 2 oc changes.
[13] Diurnally varying surface currents, forced e.g. by the strong sea-breeze present at the mooring site (Figure 1) , could lead to the observed changes as well. However, given the observed surface currents at the mooring (a few cm s À1 ), the required lateral gradients (5 Á 10 À4°C m À1 for SST and 5 Á 10 À6 mol m À4 for DIC) are much larger than suggested by the available observations (a few transects and the mean distributions reported by Nezlin et al. [2004] ). We also note that the ROMS simulations show little impact of lateral transport at the mooring site on diurnal time scales. [14] Thus, the balance of evidence suggests that lateral transport processes play only a minor role in generating the diurnal variations in SST and oceanic pCO 2 at the SMBO site, suggesting that local processes (local meteorological forcing and biology) dominate. A similar conclusion was found for SST in the Santa Barbara area [Pidgeon and Winant, 2005] .
Biological Production
[15] Accepting that the majority of the diurnal changes in the chemical component of pCO 2 oc are due to biological production and respiration permits us to estimate the biological productivity required to drive these changes. Given the near cyclo-stationary behavior of the chemical component of pCO 2 oc , net community production in the surface layer over a 24 h cycle is near zero. But if we consider that net community production (NCP) is equal to community respiration (R a+h ) at night, and the sum of gross primary production (GPP, i.e. photosynthesis) and community respiration during the day, and by assuming that community respiration does not change much between day and night, we can obtain rough estimates of GPP and R a+h over the diurnal cycle. We assume in addition that there is no diurnal change in surface Alk, so that we can convert the chemical component of the diurnal pCO 2 oc anomaly into DIC changes. With these assumptions, we estimate a mean daily GPP of 14 mmol C m À3 day À1 for the surface layer, and given the NCP of near zero, implying a mean daily community respiration of equal magnitude as GPP. Assuming that NPP is about half of GPP [Bender et al., 1999] , we obtain a rough estimate of daily net primary production (NPP) of about 7 mmol C m À3 day À1 . In order to compare this value with reported depth-integrated NPP rates, we extrapolate our surface ocean NPP estimates to the entire euphotic zone by assuming that NPP follows an exponential decrease with depth from the surface to the bottom of the euphotic zone. Using a value of 20 m, on the basis of our bi-weekly Secchi disc readings, we infer a in depth-integrated NPP in the order of 30 mmol C m À2 day
À1
(with an error of about ±50%).
[16] The comparison of this NPP estimate with the extensive primary production rate measurements of Eppley et al. [1979] from the Southern California Bight reveals that it is somewhat lower than the average NPP for that region (about 40-80 mmol C m À2 day
). However, most of these rate measurements were taken during periods of upwelling. This is confirmed when we compare our value with the seasonally resolved NPP estimates for the Southern California Bight by Smith and Eppley [1982] , as our rough estimate is very consistent with their mean value of 32 mmol C m À2 day À1 for the month of September. Hence, our value for NPP for Santa Monica Bay is within reported ranges for the Southern California Bight; not unexpected given the coastal setting of our observation site [Nezlin et al., 2004] .
Atmospheric pCO 2 and Air-Sea CO 2 Flux
[17] A remarkable observation in Figure 1 is that atmospheric pCO 2 varies on diurnal time scales with peak-topeak amplitudes up to 55 matm, with the top decile having amplitudes exceeding 42 matm. Atmospheric pCO 2 exhibits a mean diurnal cycle that is shifted in phase relative to that of pCO 2 oc with an amplitude that is about half as large, i.e. about 10 matm (Figure 2a) . The high pCO 2 atm values are mostly associated with winds blowing out of easterly and south-easterly direction, i.e. from the highly populated Los Angeles Basin, whereas the low pCO 2 atm values tend to be associated with westerly winds (see auxiliary material). Thus, it is primarily the diurnal change in wind direction associated with the land-sea breeze that causes the diurnal variations in atmospheric pCO 2 .
[18] The diurnal variations in oceanic and atmospheric pCO 2 have a substantial impact on the estimation of the airsea CO 2 flux. Without proper sampling of these variations, the estimated flux may be seriously biased. In order to assess the potential for sampling biases, we first computed the flux on the basis of the difference between oceanic and atmospheric pCO 2 adopting the gas transfer velocity parameterization for short-term wind from Wanninkhof [1992] and using hourly observations from the mooring. The computed air-sea CO 2 flux for the August to October 2002 period varies very strongly over the course of the diurnal cycle, but it is always directed into the ocean (negative) with an integrated net uptake of about 0.76 mol C m À2 a À1 (Figure 1 ). [19] To determine the potential bias in the long-term mean air-sea flux that arises from inadequate sampling, we took our hourly timeseries and sampled it randomly 1000 times in such a way that the average sampling frequency corresponds to various sampling frequencies. The sampling error increases exponentially with decreasing sampling frequency (see auxiliary material). Sampling every second day results in deviations of the estimated flux from the true flux of up to ±0.35 mol C m À2 a À1 (95% confidence intervals based on a Gaussian fit to the probability density function). This represents a nearly 50% sampling bias of the mean flux for the 2002 period. Similar deviations are found when the same procedure is repeated for the other periods, or when the subsampling procedure is applied to a constructed annual time-series at hourly resolution. The results also do not differ fundamentally, when the sampling is done at regular intervals, e.g. every second day at the same time. Increasing the sampling frequency to two or three times per day improves the 95% confidence intervals to ±0.12 mol C m À2 a
À1
, and ±0.10 mol C m À2 a À1 , respectively. The bias in the estimated fluxes arises almost entirely due to the biases in the estimated means of the individual components and are not caused by co-variances between pCO 2 , SST, and wind speed. The results conducted from factorial experiments, i.e. random sampling of parameters once a day while having all other parameters at hourly intervals, indicate that oceanic and atmospheric pCO 2 should be measured at frequencies higher than daily, but the most critical parameter is wind speed with a resulting flux error that is not better than ±0.22 mol C m À2 a
.
Summary and Conclusions
[20] The diurnal cycles in atmospheric and oceanic pCO 2 in coastal settings are much more pronounced compared to the open ocean. Including diurnal variations into general coastal observations could give valuable insights into the physical and biological processes of the complex coastal seas. Further, it would increase the accuracy in determining coastal air-sea CO 2 fluxes. The high temporal variability in the air-sea CO 2 fluxes emphasized here occur in addition to the high spatial variability in fluxes found in large-scale surveys of the coastal ocean [e.g., Borges and Frankignoulle, 2001; Thomas et al., 2004] . The latter are caused primarily by the high level of mesoand submesoscale activity present in many coastal settings, driven by different mechanisms than the diurnal cycle, and therefore likely require a different approach. The accurate determination of coastal air-sea CO 2 fluxes therefore remains a formidable challenge.
